ncRNAs and thermoregulation: A view in prokaryotes and eukaryotes  by de la Fuente, Mercedes et al.
FEBS Letters 586 (2012) 4061–4069journal homepage: www.FEBSLetters .orgReview
ncRNAs and thermoregulation: A view in prokaryotes and eukaryotes
Mercedes de la Fuente ⇑, Santos Valera, José Luis Martínez-Guitarte
Universidad Nacional de Educación a Distancia, Facultad de Ciencias, Departamento de Ciencias y Técnicas Fisicoquímicas, Spain
Universidad Nacional de Educación a Distancia, Facultad de Ciencias, Spain
Universidad Nacional de Educación a Distancia, Facultad de Ciencias, Grupo de Biología y Toxicología Ambiental, Spain
a r t i c l e i n f o a b s t r a c tOpen access under CC BY-NC-ND license.Article history:
Received 24 July 2012
Revised 9 October 2012
Accepted 10 October 2012
Available online 23 October 2012





Heat shock response0014-5793  2012 Federation of European Biochemic
http://dx.doi.org/10.1016/j.febslet.2012.10.018
⇑ Corresponding author. Address: Universidad Nacio
Facultad de Ciencias, Departamento de Ciencias y Téc
del Rey, 9, 28040 Madrid, Spain.
E-mail address: mfuente@ccia.uned.es (M. de la FuDuring cellular stress response, a widespread inhibition of transcription and blockade of splicing
and other post-transcriptional processing is detected, while certain speciﬁc genes are induced. In
particular, free-living cells constantly monitor temperature. When the thermal condition changes,
they activate a set of genes coding for proteins that participate in the response. Non-coding RNAs,
ncRNAs, and conformational changes in speciﬁc regions of mRNAs seem also to be crucial regulators
that enable the cell to adjust its physiology to environmental changes. They exert their effects
following the same principles in all organisms and may affect all steps of gene expression. These
ncRNAs and structural elements as related to thermal stress response in bacteria are reviewed.
The resemblances to eukaryotic ncRNAs are highlighted.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V.1. Introduction
Organisms are exposed to environmental changes and must
therefore be able to sense and respond as rapidly as possible to
such changes to maintain homeostasis and survive. They suffer
several physiological and biochemical modiﬁcations, which in-
volve molecular strategies to respond and adapt to new environ-
mental conditions. These changes encompass a wide range of
processes, which involve from a highly conserved transcription
program to adjustments of the membranes’ viscosity, via modiﬁca-
tions of the fatty acids content [1–3]. Speciﬁcally, the molecular
mechanisms of cellular adaptation to thermal stress have been
broadly studied, in part as a consequence of the important effect
that it has on the biomolecular structures and biochemical reac-
tions and, at the same time, since it is a universal environmental
parameter that any organism has to deal with. Concurrently, these
studies have provided important insight into the regulation of gene
expression.
Adaptation to temperature relies on the intricacy of transcrip-
tional and post-transcriptional regulations. Thus, bacterial re-
sponses to environmental temperature changes are centered on
the different sigma factors which are able to constitute the bacte-
rial RNA polymerase holoenzyme. Under thermal stress, the bacte-al Societies. Published by Elsevier
nal de Educación a Distancia,
nicas Fisicoquímicas, C/Senda
ente).rial cell uses different r factors according to the severity of the
stress [4–6] (Table 1), each of one leads to the speciﬁc recognition
of promoter elements and, consequently, to the control of the tran-
scriptional activity. In eukaryotic cells, the heat shock gene expres-
sion is regulated mainly by a family of transcription factors; so-
called heat shock factors (HSFs), which currently are known to play
a key role as transcriptional regulators in cellular stress responses
to various stimuli, as well as in normal developmental processes
[7–9]. The production and activity regulation ofr factors and HSFs,
and the reduction of the bulk of transcriptional activity in the cell
may be the highlighted facts.
Beyond and together with the activity of these master regula-
tors, additional molecules are mediating thermoregulation in cells.
They include speciﬁc proteins, that have been widely studied, and
non-coding RNAs (ncRNAs). In the last few years, the importance of
ncRNAs in controlling gene expression has become well appreci-
ated in prokaryotes as well as eukaryotes. Nowadays, different
ncRNAs have been reported whose function may be related to
adaptation processes of the cell to temperature change conditions.
The ﬂexibility of the cell’s response to environmental changes re-
quires a rigorous coordination among all these elements to provide
the cell with the ability to adapt to various signals simultaneously
[10].
This review has the aim to bring together some of these ncRNAs.
We will focus on those regulatory RNA elements that can be in-
volved, direct or indirectly, in the thermal change response of bac-
teria. The search of possible relationships with similar molecules in
higher organisms enables us to acquire a global perspective of theB.V. Open access under CC BY-NC-ND license.
Table 1
The most important r factors involved in the coordination of transcriptional activity in the thermal stress response in E. coli, in which the function and
regulation of the r family are probably the best understood, and some equivalence to other species [1].
Factor r (r70 family)a Encoded by Gene transcription set:
Major r: r70 or rD (E. coli) and rA
(in B. subtilis and many other species).
Group 1 of sigma factors
rpoD gene Most of the housekeeping genes expressed
during exponential growth
Second most important r: r 38 or rS in E. coli, S. enterica,
and P. aeruginosa; rB in various gram-positive bacteriab
Group 2 of sigma factors
rpoS gene Stationary phase
General stress regulator
r32 or rH
Group 3 of r70 family
rpoH gene Speciﬁc heat shock response
r24 or rE
Group 4 of r70 family (ECFs)
rpoE gene Second heat shock r factor
(extreme heat shock sigma factor)
a Most alternative sigma factors are related in sequence and structure tor70 and comprise ther70 family, which has been divided into several groups on
the basis of phylogenetic relatedness (many bacteria also have another distinct type of r, called the r54 family) [1–3].
b rB And rS have similar functions, although they are not highly homologous proteins [2].
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changes by means of ncRNAs. Thus, three sections are to be built
up, corresponding to the three main strategies identiﬁed, each of
which will regard bacterial ncRNAs and the possible counterpart
in eukaryotic cells: (1) cis-regulatory elements based in secondary
structure elements in the translation initiation region of mRNAs,
called RNA thermosensors or thermometers, (2) trans-coding
ncRNAs acting via RNA–RNA interactions and (3) ncRNA interacting
with proteins.
1.1. RNA secondary structure elements
It has been proposed that RNA secondary structure may be one
of the ways the cell utilizes to activates the heat shock response. In
bacteria, the existence of 50-UTR cis-regulatory structural elements
in heat shock mRNAs has been reported, consisting of more than a
single stem loop, that block access to the ribosome binding site
(RBS) by masking the Shine–Dalgarno (SD) sequence and/or the
translation initiation codon (AUG) through base pairing with ex-
tended stretches of great complementarity under normal condi-
tions [11–13]. These secondary structure elements constitute one
of the types of RNA thermometers [11,12,14]. During heat shock,
a conformational change caused by the melting of the secondary
structure at increasing temperature allows ribosome access to
the exposed RBS and thus allows translation initiation. This regula-
tory process has been identiﬁed as an extremely efﬁcient modula-
tor of the temperature-regulated response, as either the melting or
the closure of an RNA structure can be produced immediately un-
der temperature changes [13]. Experimental essays have demon-
strated that a structured RNA rather than its particular sequence
is critical for thermosensing and that the structure itself sufﬁces
as a molecular thermometer [14]. It has also been mentioned that
the folded RNA could display recognition motifs for cellular
RNases, which eliminate the untranslatable transcript [14].
In Escherichia coli and other Gram-negative bacteria, the
50-proximal regions to the coding sequence of the r32 factor, also
called rpoH or rH (Table 1), which usually control regulons in
response to heat shock and developmental checkpoints [6], fold
into a secondary structure that acts as thermosensing RNA element
(Fig. 1a) [15–18]. The regulation ofr32 takes place at several levels,
but the increase of r32 concentrations during the speciﬁc stress re-
sponse, at 30–42 C, are mainly due to the enhanced translation of
rpoH mRNA and the stabilization of the r32 protein. Thus, transla-
tionally inhibitory secondary structure in rpoH mRNA is the deter-
minant for this regulation by controlling the increase of r32: the
high temperature melts the structure, permitting ribosome entry
and translational induction (Fig. 1a). This is among the most com-
plex heat shock thermometers described [13].There are also heat shock genes that may depend on other RNA-
based heat-shock sensors. Most of them are located upstream of
the translation start codon of genes coding for small heat-shock
proteins closely related to inclusion body-binding proteins, central
players in the cellular multichaperone network. These thermosen-
sors, called Repression Of heat Shock gene Expression (ROSE) ele-
ments, have been reported across more than 30 species of
proteobacteria [13,19–21] and are the most widely distributed
RNA thermometers known to date. They extend from 60 to more
than 100 nucleotides and consist of two, three or four different
hairpins, with the SD site and the AUG start codon embedded in
the last hairpin [12–14]. A common feature of all ROSE elements
is the presence of a G residue across from the SD sequence that
was predicted to be bulged in all the structures. Experimentally,
this nucleotide was found to be functionally essential. The NMR
structural solution of a fragment carrying the conserved ROSE se-
quence revealed that this conserved G residue forms an energeti-
cally unstable G–G base pairing in a syn–anti conformation with
the second G in the AGGA of the SD region. This weak G–G base
pair is one of several peculiar base pairs responsible for tempera-
ture sensing. The local melting of the RNA structure begins here
and proceeds into the SD sequence and its surroundings [12–
14,22] (Fig. 1b).
Other RNA thermometers present different motifs, such as
fourU thermometers (Fig. 1b), which are found, for instance, in
the 50-UTR of Salmonella small heat shock gene agsA [23]. In this
motif, four consecutive uridines pair with the AGGA nucleotides
of the SD sequence. In other cases, the SD regions are sequestered
by other sequences that resemble these four U motifs, such as the
UCCU motif found in the Synechocystis sp. heat shock gene hsp17.
As far as we know, this latter region is, with only a single 44 nt
stem–loop structure, the smallest natural RNA thermometer re-
ported to date [13,24] (Fig. 1b).
RNA structural elements that increase gene expression due to
cold shock have also been reported, but their structural rearrange-
ments do not result from the melting of hairpin structures. This
case holds for the temperature-dependent alternative structures
in the leader sequences of the E. coli cspA transcripts. This gene be-
longs to the csp family and encodes the CspA protein, one of the
major, small and evolutionarily conserved ‘‘cold shock proteins’’
that acts as an RNA chaperone [25–27]. Two alternative structures
may be formed at the 50UTR of the mRNA cspA. At 37 C, both the
ribosome-binding site and the AUG start codon are sequestered in
strong base-paired stems, whereas a global structural reorganiza-
tion is undertaken at 10 C, placing the nucleotides of the SD in
the loop of a hairpin and the AUG region in a weak hairpin, which
increases their accessibility (Fig. 1c). A pseudoknot in the latter
structure, which becomes less stable at 37 C, has been noted as
Fig. 1. Thermosensor RNA elements. (a) 50-proximal region of rpoHmRNA with the Shine–Dalgarno (SD) sequence (AAGGAG) and AUG start codon highlighted. Adapted from
Narberhaus et al. [14]. (b) ROSE element consisting of four stem-loop elements, named SL1 to SL4, and FourU RNA thermometer in the 50-UTR of the Salmonella small heat
shock gene agsA [23]. For both elements, the secondary structure was constructed with Rfam [19] (RF00435 and RF01795) with the VARNA applet [94], with a conservation
coloring scheme. The representative sequence used for the backbone was the most informative sequence (MIS) using the IUPAC redundancy codes (http://
www.chem.qmul.ac.uk/iubmb/misc/naseq.html). RNA thermometer of the hsp17 gene from Synechocystis sp. [24]. Shine-Dalgarno (SD) sequence, AUG start codon and the
functionally essential and conserved G residue in ROSE elements are highlighted. (c) RNA thermometer of the cspA mRNA: secondary structure at 37 C (left) from Rfam
(RF01766). The Shine-Dalgarno (SD) sequence and AUG start codon are highlighted (pink), and regions implicated in the pseudoknot at 10 C are highlighted in red [26,27].
Schematic representation (right) of global structure reorganization giving rise to a higher accessibility of SD and the AUG start codon (SD nucleotides are situated in the
hairpin-loop single-stranded region, and the AUG codon is located in a bulge loop). Adapted from Breaker [26] and from Giuliodori et al. [27]. (d) RNA thermometer regulating
the expression of virulence genes: secondary structure of the 50-UTR of lcrF mRNA. Adapted from Böhme et al. [33].
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under cold-shock conditions is more efﬁciently translated and
somewhat less susceptible to degradation [26,27]. Similar confor-
mational changes in the 50UTR region of mRNAs have been pre-
dicted in other genes coding for cold shock proteins [28].
Pathogens also use RNA thermometers to regulate the expres-
sion of virulence genes, which are strongly related to thermal con-
dition changes [12,13,23,29]. Thus, a switch between two
conformations controls the expression of the cIII protein of the bac-
teriophage k [30], where the SD sequence and AUG start codon are
accessible at 37 C, but both are hidden in a hairpin structure at
45 C, leading to a more efﬁcient translation at lower temperatures,
similar to cold shock RNA thermometers. Differences in the recog-
nition of the two structures by RNaseIII have also been identiﬁed as
a determining factor for translation efﬁciency [30]. The 50-UTRs of
prfA mRNA in Listeria monocytogenes [29,31] and of lcrf mRNA in
Yersinia pestis [32] (Fig. 1d) are also known examples of RNA ther-
mometers controlling infection-speciﬁc genes. In these cases,
increasing the temperature from 30 to 37 C (body temperature)
improves the translation efﬁciency of these virulence genes. prfA
and lcrF genes encode transcription factors that induce the expres-
sion of different virulence genes. The lcrF transcript is predicted to
enclose a fourU type RNA thermometer, similar to the thermosen-
sor found in the AgsA chaperone gene in Salmonella enterica
[12,23,32,33].
Regarding to eukaryotic cells, it has been suggested that RNA
thermosensors might be important mechanisms in the transla-
tional control of some eukaryotic heat-shock genes, when the
cap-dependent mechanism for translation initiation is largely
inhibited [12,14,34]. Thus, the translation of Drosophila melanogas-
ter heat shock protein Hsp90 mRNA (Fig. 2), which is relatively
inefﬁcient at normal growth temperatures, is activated during
heat-shock. This preferential heat shock translation has been pro-
posed to occur through a similar mechanism to bacterial transla-
tion under thermal stress, where the predicted secondary
structure of the region close to the AUG start codon responds to
differences in temperature in a similar manner to bacterial RNA
thermosensors [35]. While no direct evidence was presented for
this hypothesis, analogous mechanisms of translation control have
been proposed for Hsp70 mRNA heat shock in human cells [34]
(Fig. 2). These facts were postulated as an adaptation of the prefer-
ential translation mechanisms under heat shock from prokaryotic
to eukaryotic cells [35]. Both cases could use, under heat shock, a
minor pathway for translation initiation, referred as ribosome
shunting [34,36]. Internal Ribosomal Entry Segments (IRES)-medi-
ated translation initiation is another pathway postulated as a po-
tential choice for eukaryotic cells under stress [14] when cap-
dependent translation is diminished due to the heat inhibition of
the eukaryotic initiation factor eIF4F. IRES consist of complex sec-
ondary structural elements located in the 50-UTR regions of some
mRNAs. It has been suggested that Hsp70 synthesis in Drosophila
is carried out through this mechanism of translation [37].
Another eukaryotic molecule deﬁned as an RNA thermometer,
although it is not properly a cis-regulatory element in a 50-UTR re-
gion, is the highly conserved non-coding RNA HSR-1, which, to-
gether with the translation elongation factor eFF1A, activates one
of the main transcription factors involved in heat shock response
in eukaryotic cells, the heat shock factor HSF-1 [38]. The tempera-
ture-dependent conformational change of the HSR-1, from the
‘‘closed’’ to the ‘‘open’’ form, mediates the trimerization of HSF1,
which activates this transcription factor for binding to heat shock
elements (HSE) in heat shock genes. This thermosensor ability
has been related to the conformational change of r32 mRNA in
the bacterial heat shock response, mentioned above [39]. More-
over, a comparative sequence analysis of HSR1 showed strong sim-
ilarity between the HSR1 sequence and 50-ﬂanking region and partof the coding region of the chloride channel proteins of bacterial
genomes, which have led to the proposal of a bacterial origin for
this ncRNA [40].
1.2. Trans-acting ncRNAs
As mentioned above, translation can be regulated by cis-en-
coded RNA structural elements, hairpin structures containing
internal loops or bulges that reduce their thermodynamic stability,
which are able to melt with a temperature increase and to activate
translation. These stem-loop structures must be tight enough to re-
sist melting at low temperatures. Nevertheless, cis-encoded RNA
structural elements have also been reported in low-temperature
growing conditions (20–30 C). Where the usual melting processes
are not carried out, similar mechanisms are used to control the
translation of selected genes but the assistance of additional fac-
tors is required. Thus, it has been described the existence of
trans-acting ncRNAs that pair with 50-UTR regions, in a discontin-
uous and imperfect manner, and that activate the translation of se-
lected genes. This case holds for DsrA ncRNA (Fig. 3), which was the
ﬁrst ncRNA found to positively regulate rpoS translation [41] (the
majority of the regulation by known trans-encoded ncRNAs is neg-
ative [42]). The factor rs or r38 (rB in gram-positive bacteria,
Table 1) is the master regulator of the general stress response. Its
activity regulation involves both transcriptional and post-tran-
scriptional control, mediated by several proteins and/or ncRNAs.
The existence of 50-UTR cis-regulatory structural elements in rpoS
mRNA is a key feature in regulating rs translation [4,5,17,43].
DsrA RNA is a trans-encoded ncRNA with 85 nucleotides fairly
well conserved in Enterobacteriaceae. Functionally, RpoS synthesis
is strongly dependent on this ncRNA at low temperatures, where
DsrA synthesis and stability is high [41,44,45]. DsrA interacts with
the leader sequence of rpoS mRNA and increases its translation.
This RNA-RNA interaction breaks the intramolecular pairing of
the stem in the 50-UTR region of rpoS gene and, thus, the hairpin
is open and the inhibitory secondary structure is eliminated, ren-
dering the SD accessible to ribosomes [41] (Fig. 3). As a result, this
interaction stimulates rpoS translation. In addition, the role of DsrA
in the stabilization of rpoS mRNA has been proved, showing that
this ncRNA assists in overcoming the degradation of rpoS mRNA
by one of the two major endoribonucleases, RNase E [46] and elim-
inates the original cleavage site of the other one, RNase III [47].
This latter RNase is a double-stranded RNA endonuclease that
cleaves within the rpoS stem-loop inhibitory element of its 50-
UTR and, apparently, leads to rpoS mRNA degradation. It was pro-
posed that at high temperatures (heat shock), the melting of the
hairpin should contribute to overcoming RNAse III action and to
inducing RpoS synthesis, likely without the assistance of ncRNA
[43]. At low temperature, after DsrA–rpoS mRNA interaction, the
intermediate duplex provides an alternative cleavage site for
RNase III, which does not signiﬁcantly affect the stability of the
translationally active form of rpoSmRNA [47] (Fig. 3). Furthermore,
RNAse III is necessary for the normal expression of RpoS, exerting a
positive effect on mRNA levels and the stability of rpoSmRNA [48].
More recently, it has been proposed that this RNase III processing
provides a translationally competent rpoSmRNA prior to ribosome
binding [49].
DsrA RNA also regulates the translation of another global tran-
scription regulator, the nucleoid-associated global repressor H-NS
protein. This repressor is an abundant histone-like protein that si-
lences the expression of a variety of bacterial genes and affects
recombination and transposition in a manner reminiscent of
eukaryotic silencing [50]. In this case, DsrA impedes the translation
of hnsmRNA. It appears that DsrA binds both the start and the stop
codons via speciﬁc RNA–RNA base pairing interactions. In conse-
quence, the cellular pool of the H-NS protein is reduced, and
Fig. 2. Eukaryotic molecules deﬁned as RNA thermometers. Heat shock protein 70 (Hsp70) internal ribosome entry site (IRES, RF00495) in humans and the 50-UTR of Hsp90
mRNA in Drosophila. The secondary structure was constructed with Rfam [19] (RF00433) with the VARNA applet [94], with a conservation coloring scheme. The
representative sequence used for the backbone was the most informative sequence (MIS) using the IUPAC redundancy codes (http://www.chem.qmul.ac.uk/iubmb/misc/
naseq.html).
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comes transcriptional silencing. DsrA also shows sequence comple-
mentarity with other genes involved in metabolic pathways in the
cell (argR, ilvIH, rbsD), which suggests that it acts as a riboregulator
of gene expression at multiple loci [51]. High DsrA levels are nec-
essary for the downregulation of H-NS, whereas even low DsrA lev-
els are sufﬁcient to enhance RpoS translation [52].
Hfq, a RNA chaperone protein, is required by DsrA RNA to carry
out its function [49,53–55]. In many cases, Hfq is required for
trans-encoded ncRNA-mediated regulation, presumably by facili-
tating RNA-RNA interactions, given the limited complementarity
between the ncRNA and target mRNA, and by protecting ncRNAs
from degradation in the absence of base pairing with mRNA
[42,56–59]. The hexameric Hfq ring is homologous to the Sm and
Sm-like proteins involved in a variety of RNA-processing eventsin eukaryotes, including splicing, telomere replication and mRNA
decay [42,60–62]. There are also other proteins that affect the ac-
tion of DsrA, such as CsdA, an RNA helicase that binds to the rpoS
mRNA and may aid in unwinding the rpoS secondary structure to
facilitate DsrA annealing [43].
The secondary structure of DsrA consists mainly of two clearly
deﬁned stem loops in the 50- and 30-regions and a more variable
middle region, in which another hairpin element is possible
[50,52,63,64] (Fig. 3). The sequence of the ﬁrst stem-loop of DsrA,
the 50-hairpin, is complementary and base pairs with the upstream
leader portion of rpoS mRNA (SL1, Fig. 3). Stem loop 3 is a tran-
scription terminator for DsrA (SL3, Fig. 3). The more variable re-
gion upstream of SL3 also pairs with part of the rpoS mRNA and
with the hns mRNA, and hence it is essential for antisilencing
[19,52]. Interestingly, this region between SL-1 and SL-3 presents
Fig. 3. Trans-acting DsrA ncRNA. Inhibitory secondary structure in the 50-UTR of the rpoS gene by intramolecular pairing, which offers a cleavage site to RNase III, leading to
its degradation (left, upper). In the presence of DsrA trans-acting ncRNA and mediated by the Hfq protein, intramolecular pairing is broken, and the hairpin is open (left,
middle). The intermediate duplex DsrA-rpoS mRNA provides an alternative cleavage site for RNase III after the dissociation of Hfq, and RNase III processing should provide a
translationally competent rpoS mRNA prior to ribosome binding. Adapted from Vecˇerek et al. [49]. On the right (top), the DsrA ncRNA secondary structure was constructed
with Rfam (RF00014) with the VARNA applet [94], with a conservation coloring scheme. The representative sequence used for the backbone was the most informative
sequence (MIS) using the IUPAC redundancy codes (http://www.chem.qmul.ac.uk/iubmb/misc/naseq.html). Three stem-loop elements, named SL1 to SL3, and highlighted
functional binding regions are shown [51,63]. On the bottom, DsrA self-association, in agreement with a previously published report [63].
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sive DsrA molecules can self-associate and form long double-
stranded RNA helices through the antisense interactions of these
self-complementary sequences, giving rise to ﬁlamentous self-
assemblies [63,64]. The formation of these nanostructures enables
the formation of intermolecular duplexes that overlap with both
the cleavage site of RNase E and the functional region of DsrA
(binding region to different targets: hns mRNA, rpoS mRNA or
Hfq). Secondary structure predictions provide a possible structure
for a polymer in which the GAAUUU sequence (the preferred
RNAse E cleavage site) is single-stranded. In vitro, the DsrA poly-
mer is more sensitive than the monomer to RNAse E endonuclease
digestion. Additionally, assays with Hfq and ribosomal S1 protein,
RNA chaperones known to bind and melt DsrA, have revealed that
they are unable to melt DsrA polymer into monomer. These facts
indicate that the self-association might be coupled to the regula-
tion of DsrA concentration and/or to a mechanism for the degrada-
tion of ncRNAs when they are misfolded or in the absence of their
mRNA target [63,64] (Fig. 3).
It has been also described trans-acting ncRNAs involving in cel-
lular response to high temperature. This is the case of MicF RNA,
which plays the major role in thermal regulation of the synthesis
of OmpF, an outer membrane porin [65,66]. Recently, evidences
have been presented for the existence of a ncRNAwhose expression
is rs-dependent and it is rapidly induced under heat stress, called
SdsR RNA [67]. This ncRNA down-regulates the synthesis of thema-
jor Salmonella porin OmpD. On the other hand, at critical high tem-
peratures (extreme heat stress, 45–50 C), a second heat shock
sigma factor, calledr24 orrE (Table 1), is activated by the accumu-
lation of unfolded and/ormisfolded porins, pore proteins of the out-
er membrane (OMPs). In these extreme conditions, the synthesis ofmost proteins ceases, presumably due to the widespread inactiva-
tion of r70, heat shock proteins under the control of r32 increase
[4,6,16] and r24 directs the expression of genes that restore enve-
lope integrity. Two ncRNAs have been shown to be transcribed un-
der control of this heat shock r24 factor, i.e. MicA and RybB RNA
[68–71]. Although heat shock treatment has been identiﬁed as a
stress condition that induce high MicA levels [72], as far as we
know, evidences has not been reported that directly relate increase
of temperature to upregulation of RybB. Either MicA or RybB down-
regulate the translation of outer membrane porin mRNAs as well,
although recently they both have been revealed as global mRNA
repressors of much many targets, indicating that their function
extends considerably beyond porin control [73]. These four trans-
acting ncRNAs are dependent on the Hfq protein and, by means of
base pair interactions, impair translation and/or induce the RNase
E-dependent cleavage and degradation of their mRNA targets. Some
of them interact with the 50-UTR region, preventing ribosome bind-
ing, whereas others, such as RybB or SdsR, bind within the CDS, the
downstream translation initiation region [67].
Trans-encoded ncRNAs may be considered functional analogs to
eukaryotic microRNAs in their ability to modulate the activity and
stability of multiple mRNAs [42,71]. The effect of RNase III on the
activity of these ncRNAs could rather resemble the generation of
non-coding microRNAs and the RNAi scenario in eukaryotic organ-
isms [47,74]. The polymeric structure and self-association de-
scribed for DsrA are similar to the polymers found for the long
non-coding RNA from telomeric tandem repeat sequences of Chir-
onomus transcripts under heat shock [75] and their putative struc-
ture [V. Alba, J.L. Martínez-Guitarte and M. de la Fuente,
unpublished results]. The growing number of trans-acting small
RNAs that are being described and characterized in bacteria could
Fig. 4. 6S RNA secondary structure constructed with Rfam [19] (RF00013) with the VARNA applet [94], with a conservation coloring scheme. The representative sequence
used for the backbone was the most informative sequence (MIS) using the IUPAC redundancy codes (http://www.chem.qmul.ac.uk/iubmb/misc/naseq.html). The region
complementary to the short transcript pRNA is highlighted (pink).
M. de la Fuente et al. / FEBS Letters 586 (2012) 4061–4069 4067be a sign of a successful mechanism selected to modulate the activ-
ity and stability of multiple mRNAs, in a comparable manner to the
modulation of microRNAs.
1.3. ncRNAs acting on proteins
Beyond the gene-speciﬁc transcriptional activation during cell
adaptations to change of temperature conditions, a transiently
repression of important cellular processes, such as the overall tran-
scriptional activity or the post-transcriptional eukaryotic RNA pro-
cessing, may be expected [76,77]. Thus, in eukaryotic cells, it has
been suggested that certain ncRNAs, such as hsr-omega in Dro-
sophila and satellite III transcripts in human cells, exert their func-
tion by sequestering RNA processing factors and regulating the
availability of these proteins under conditions of cellular thermal
stress [77–79].
A transcriptional repression mechanism involving ncRNAs
interacting with eukaryotic RNA polymerase II upon heat shock
have also been reported [76]. Thus, it has been observed that the
B2 and Alu RNAs, transcribed by RNA polymerase III from short
interspersed elements (SINEs), which are abundant retrotranspo-
sons, enter complexes with RNA polymerase II at the promoters
of different genes and selectively repress its transcription during
the cellular response to heat shock [80]. More recently, other roles
have become apparent for the B2 and Alu SINEs, the former serving
as a boundary element and the latter facilitating alternative splic-
ing [81]. Whereas B2 RNA and Alu RNA have apparently similar
mechanisms of repression of RNA polymerase, they do not seem
related to each other in sequence or overall secondary structure.
B2 RNA consists of approximately 180 nucleotides that are folded
in a secondary structure composed of two different regions: a long
interrupted stem-loop of approximately 70 nt at the 50-end, which
is evolutionary related to tRNAs, and three stem-loops with inter-
calated single stranded sections at the 30-end. The latter region
contributes to RNA polymerase II binding and transcriptional
repression [82]. Alu RNA is approximately 280 nt in length and is
composed of two 7SL-derived arms linked by an A-rich region
[83]. This ncRNA has two repression domains, in the A-rich region
and in one arm, each arm being capable of binding one polymerase
molecule [80]. There is an ncRNA similar to Alu RNA in mouse: the
B1 RNA, which is transcribed by RNA polymerase III upon heat
shock and binds RNA polymerase II as well, but does not repress
transcription [81]. It has been proposed that the mechanism of
transcriptional repression by B2 RNA and Alu RNA likely involves
disrupting critical contacts between RNA polymerase II and the
promoter DNA [82,84].The bacterial 6S RNA may be considered the counterpart of
Murine B2 and human Alu ncRNAs [80,85]. It was one of the ﬁrst
to be identiﬁed and sequenced, and it is known to be highly abun-
dant and widespread in bacteria. It is a highly structured approxi-
mately 180 nt long ncRNA that, unlike most other regulatory
ncRNAs, is processed from a longer mRNA and emulates a DNA
promoter open structure. Thus, 6S RNA binds tightly and seques-
ters r70-containing RNA polymerase, affecting the main transcrip-
tional activity in the bacteria cell: this ncRNA downregulates the
transcription of some r 70-promoters and upregulates the tran-
scription of a subset of rS-dependent promoters [43,71,86–91].
Nevertheless, the r factor speciﬁcity is not completely clear, as it
has been shown that not only r70-dependent genes are inhibited
by 6S RNA, but other types of promoters, including rS, are also un-
der 6S RNA control [92]. In any case, the 6S RNA seems one of the
molecules implicated in helping rS effectively compete for the
RNA polymerase core [43], as the afﬁnity ofrS for the core is some-
what less than that of r70. Evidence for the presence of 6S RNA
within the active site of RNA polymerase is provided by the fact
that RNA polymerase can serve as a template to transcribe a short
transcript (14–20 nt), termed pRNA, under certain conditions with
high levels of nucleotides [71,90]. The pRNAs form a triple-helix
hybrid with the 6S RNA hairpin. This complex seems to destabilize
the interaction of the 6S RNA with RNA polymerase, leading to the
release of the ncRNA from the enzyme and its rescue from re-
pressed status. The 6S–pRNA complex is subsequently degraded
[10,42,85,90]. As usual, the primary sequence conservation in the
6S RNA is very limited, but it has a conserved secondary structure
consisting of a double-stranded RNA hairpin and a single-stranded
central region that is fairly open with asymmetric loops [90,93],
which is the recognition region for r70 (Fig. 4). It has been pro-
posed that the RNA and DNA binding sites are not coincident but
overlapping, resulting in competition between the 6S RNA and
the promoter DNA [87]. Recent studies have led to attributing a
central regulatory role in stress and growth adaptation networks
to this ncRNA [86], although, to our knowledge, no direct evidences
have been established between 6S RNA and cellular response to
temperature changes yet. Nevertheless, the inhibition mechanism
could work similarly to 6S RNA and Alu/B2 RNAs although the ﬁrst
one does not bind simultaneously the promoter and the RNA poly-
merase [82].
2. Conclusions
This review collects information about the non-coding RNAs in-
volved in bacterial response to temperature change conditions and
4068 M. de la Fuente et al. / FEBS Letters 586 (2012) 4061–4069relates them with ncRNAs in thermoregulation of eukaryotic cells.
Although, at the molecular level, divergence is great, some key fea-
tures seem to be preserved throughout evolution. Thus, some ther-
mosensors have been described in prokaryotas and eukaryotes;
trans-acting ncRNAs in bacteria and several microRNAs and iRNAs
appear to be related to the thermal change response; SINE-related
ncRNAs are being characterized as repressing factors of RNA Poly-
merase II in heat shock response and they have been considered
the counterpart of the bacterial 6S RNA. Therefore, the diversity
of solutions involving ncRNA thermoregulators in eukaryotes
seems to be possible to adjust to three large categories as in pro-
karyotes. The perspective provided by these categories could help
to place each of the apparently disparate solutions into a frame-
work of the regulation of gene expression.
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